Recently, a few small reports with short follow-up period have shown clinical benefits of platelet-rich plasma (PRP) for peripheral neuropathy including one pilot study and one small, non-randomized trial in patients with carpal tunnel syndrome (CTS). Therefore, we conducted a randomized, single-blind, controlled trial to assess the 6-month effect of PRP in patients with CTS. Sixty patients with unilateral mild-to-moderate CTS were randomized into two groups of 30, namely the PRP and control groups. In the PRP group, patients were injected with one dose of 3 mL of PRP using ultrasound guidance and the control group received a night splint through the study period. The primary outcome measure was the visual analog scale (VAS) and secondary outcome measures included the Boston Carpal Tunnel Syndrome Questionnaire (BCTQ) score, the cross-sectional area (CSA) of the median nerve (MN), electrophysiological findings of the MN, and finger pinch strength. The evaluation was performed before treatment and at 1, 3, and 6 months post-injection. The PRP group exhibited a significant reduction in the VAS score, BCTQ score, and CSA of MN compared to the those of control group 6 months post-treatment (p < 0.05). Our study demonstrates that PRP is a safe modality that effectively relieves pain and improves disability in the patients with CTS.
Platelet-rich plasma (PRP) is a biologic product of concentrated platelets and contains several growth factors that promote wound healing/growth, angiogenesis, and axon regeneration. PRP has been widely used as a safe and novel treatment in dentistry, orthopedics, ophthalmology, neurosurgery, and cosmetic surgery for three decades 8 . Recently, increasing evidence has revealed the beneficial effects of PRP on axon regeneration and neurological recovery in animal or vitro studies [9] [10] [11] [12] [13] [14] [15] [16] . Since 2014, a few studies have applied PRP for treating clinical peripheral neuropathy, with acceptable success rates [17] [18] [19] [20] [21] . Among these studies, there was one pilot study and one small, non-randomized trial enrolling patients with CTS. It would be helpful to examine whether PRP aids in the promotion of extensive axon regeneration in the human population. However, the definite clinical effects of PRP on peripheral neuropathy are unclear due to small population sizes and short follow-up periods in published reports. This points to the need for a well-designed study to evaluate the effects of PRP on clinical regeneration following peripheral nerve injury.
In the present study, we investigated the 6-month effects of PRP in patients with mild-to-moderate CTS.
Methods
Study design. This study was designed according to the CONSORT 2010 statement 22 . This prospective, randomized, single-blinded, controlled study was conducted at Tri-Service General Hospital, Taiwan from November 2015 to October 2016. The study protocol was reviewed and approved by the Institutional Review Board of TriService General Hospital (No. 1-104-05-108). All enrolled patients provided written, informed consent for the study. The study was performed in accordance with the principles of Declaration of Helsinki. The study was registered at www.ClinicalTrials.gov (number NCT02539186) on 8/31/2015. All methods for each subject were performed in accordance with the approved ethical guideline and there were no changes made to this trial after the commencement of the recruitment.
Eighty patients diagnosed with mild-to-moderate unilateral CTS were assessed for eligibility, and 60 were enrolled. The enrolled patients were block randomized in a 1:1 ratio into two groups, control and PRP groups, by an independent researcher via computer-generated randomization of study numbers (Microsoft Excel, Microsoft Inc., Redmond, WA, USA). The PRP group received one dose of ultrasound-guided PRP injection, while the control group wore a wrist splint. The splint was applied in a neutral position to restrict the wrist as previously described 3, 23 . The controls were instructed to put on the splint overnight for at least 8 hours daily throughout the study period. All participants were instructed to refrain from any other management approaches for symptoms resulting from CTS such as analgesics, steroid injections, or physical therapy, from 2 weeks before and throughout the study period, and were requested to report receiving any of these therapies.
Inclusion and exclusion criteria. Participants diagnosed with mild-to-moderate unilateral CTS with clinical symptoms for at least 3 months undergoing electrophysiological study and ultrasonography were enrolled. The clinical symptoms and signs for the diagnosis of CTS were summarized in Table 1 . If the patients met criterion 1 and one or more of criteria 2-4, the clinical diagnosis of CTS was established 24, 25 . The cut-off points or normal range of the electrophysiological study for CTS in this study were as follows: (1) upper limit of the median sensory nerve distal latency is ≤3.6 ms at a distance 14 cm away from the active recording; (2) difference in distal latencies between the ulnar and median sensory nerve is <0.4 ms; and (3) upper limit of distal motor latency (DML) of the MN is <4.3 ms at a distance 8 cm away from the thenar muscle belly [26] [27] [28] . Patients were excluded if they met one of the exclusion criteria ( Table 1) .
Grades of CTS.
Patients with mild and moderate CTS were categorized by the electrophysiological classification of CTS by Padua et al. 28 : mild: only abnormal digit/wrist sensory nerve conduction velocity (SNCV) with normal DML; moderate: abnormal digit/wrist SNCV and abnormal DML; or severe: absence of SNCV and abnormal DML.
PRP preparation. Ten milliliters of blood sample were drawn from the antercubital vein using RegentKit-THT-1 (RegenLab SA, Mont-sur-Lausanne, Switzerland) followed by centrifugation at 3400 rpm for 15 minutes at room temperature using Regen Lab PRP Centri, yielding 3.5 mL of PRP 29 . The RegentKit-THT-1 has sodium citrate solution as an anticoagulant, and autologous thrombin as an activator to advance platelet activation and conversion of fibrinogen to fibrin. For quality tests, 0.5 mL of the PRP sample was sent to the laboratory and 3 mL was used for the ultrasound-guided injection. The concentration of platelets and leukocytes in the PRP was approximately 2.7 ± 0.4 times and 1.2 ± 0.4 times compared to that in whole blood, respectively.
Ultrasound-guided PRP injection. The ultrasound-guided PRP injection was performed by the same physiatrist (Dr. Wu), using ultrasonography (MyLab ™ 25Gold, Esaote, Genova, Italy). With the palm facing upwards and the wrist slightly extended, the MN was identified at the inlet of the proximal carpal tunnel (pisiform level) 30, 31 . The ultrasound-guided injection was conducted using the in-plane ulnar approach 32 . The ulnar artery was identified using Doppler imaging, and a 25-gauge needle was passed from the ulnar side of the wrist toward the MN. After placing the needle tip on the MN, 2 mL of PRP was injected to peel the nerve off the flexor retinaculum via hydrodissection (Fig. 1a ). An additional 1 mL of PRP was delivered to the inferior part of the MN and the MN was peeled from the underlying subsynovial connective tissue (Fig. 1b) . After this, the entire carpal tunnel was scanned to ensure that the PRP had spread throughout the proximal-to-distal area of the carpal tunnel (Fig. 1c) . All patients were observed for 10 minutes after injection for possible dysesthesia or bleeding.
Outcome measurements. One physiatrist (Dr. Ke) with 5 years' experience in musculoskeletal ultrasonography and electrophysiological study, who was blinded to the patients' randomization, performed all the measurements in all patients of both groups before intervention and at months 1, 3, and 6 after treatment.
Primary outcomes. Visual analog scale (VAS).
Digital pain severity and paresthesia within 7 days of the assessment were measured using the VAS, with 10 points indicating extremely severe pain and 0 points indicating no pain 33 .
Secondary outcomes. 1. Boston Carpal Tunnel Syndrome Questionnaire (BCTQ). BCTQ was employed
to evaluate the severity of symptoms and functional status with reproducibility, internal consistency, and validity for patients with CTS 34 . The subscale of symptom severity consists of 11 questions and the scores range from 1-5 points. The functional status subscale has 8 questions, and scores range from 1-5 points; higher scores mean worse severity and dysfunction.
Cross-sectional area (CSA) of MN.
CSA of the MN was evaluated as previously described 23, 30 . In brief, CSA was measured with an electronic caliper at the proximal inlet of the carpal tunnel using the pisiform bone as a landmark. The average of CSA was calculated using three measurements each.
Electrophysiological study.
The antidromic SNCV and DML of the MN were measured in all patients by using SierraWave, Cadwell (USA) 35 . The antidromic SNCV was examined as described in our previous study 23 . The Table 2 . Baseline demographic and clinical characteristics of study participants. SE = Standard error; VAS = Visual analog scale; BCTQ = Boston Carpal Tunnel Syndrome Questionnaire (s = severity and f = function); FP = Finger pinch; SNCV = Sensory nerve conduction velocity; DML = Distal motor latency; CSA = Cross-sectional area.
DML was recorded via MN stimulation 8 cm proximal to the active electrode over the abductor pollicis brevis muscle. The average of SNCV and DML were calculated using three measurements each.
Finger pinch (FP). The palmar FP force was detected with a Jamar dynamometer (Fabrication Enterprises
Inc., USA) as described in our previous study 23, 36 . The average of three test values was used for statistical analysis.
Sample size. To reduce type II errors and increase the power, a preliminary power analysis using G* power Data analysis. Statistical analyses were conducted with IBM SPSS Statistics Version 22. Demographic statistics were analyzed using the independent t-test for continuous data and X 2 test for categorical data. The repeated-measures ANOVA followed by post hoc tests was performed for the data at various follow-ups. The independent t-test was used to compare the differences between the groups. All statistical tests were two-tailed and a p-value less than 0.05 was considered as statistically significant.
Results
All 60 participants completed the study and 30 wrists in each study group were analyzed (Fig. 2) . The clinical characteristics of participants are summarized in Table 2 , and there were no significant differences in the variables between two groups. More than 80% of the patients were graded as having moderate CTS. Table 3 shows the VAS scores, BCTQ scores, electrophysiological study, CSA of the MN, and FP before and after treatment. Comparing the baseline data, a significant improvement in all outcome measures was observed in the PRP and control groups at all follow-up assessments (p < 0.05) (not including the 1 st month FP in the control group, p = 0.071). Comparing the two groups, there was significantly greater enhancement in the PRP group at all follow-up time points in the VAS scores, BCTQ scores, and CSA of the MN (except for the 1 st and 3 rd month VAS score and 1 st month BCTQ-severity score) and this tendency became more pronounced as the follow-up duration increased Table 3 . All the Outcome variables in each group before and after treatment. SE = Standard error; VAS = Visual analog scale; BCTQ = Boston Carpal Tunnel Syndrome Questionnaire (s = severity and f = function); FP = Finger pinch; SNCV = Sensory nerve conduction velocity; DML = Distal motor latency; CSA = Crosssectional area; Pre = Pretreatment.
( Table 4 , Fig. 3 and 4) . Although a tendency towards increased FP with a longer follow-up period was found in the PRP group compared with the control group, the difference was not statistically significant ( Table 4) . The difference in SNCV and DML between the two groups was not statistically significant at all follow-up assessments (Table 4) . No side-effects or nerve trauma were observed in either of the two groups. All patients reported taking no additional medicine or receiving other therapies throughout the study.
Discussion
This is the first prospective, randomized, single-blind controlled trial to explore the efficacy of PRP for patients with mild-to-moderate CTS. We demonstrated that PRP significantly reduced pain severity, ameliorated disability, and improved CSA of MN 6 months post-treatment. Table 4 . Changes of outcome variables from baseline at 1, 3 and 6 month in the PRP group compared with the control group. VAS = Visual analog scale; BCTQ = Boston Carpal Tunnel Syndrome Questionnaire (s = severity and f = function); FP = Finger pinch; SNCV = Sensory nerve conduction velocity; DML = Distal motor latency; CSA = Cross-sectional are; Pre = Pretreatment; SE = Standard error.
PRP is considered as a safe treatment and practiced in many disciplines of medicine. It is an autologous preparation utilizing the patient's own blood. Increasing evidence has highlighted the positive effects of PRP on peripheral nerve regeneration with acceptable safety profiles in experimental studies [9] [10] [11] [12] [13] [14] [15] [16] . Farrag et al. 9 demonstrated beneficial effects of PRP compared with platelet poor plasma (PPP) for facial nerve regeneration in a rat model. Sariguney et al. 10 showed that PRP enhanced the remyelination of the sciatic nerve in an end-to-end neurorrhaphy rat model. Ding et al. 11 applied PRP to the site of bilateral nerve-crush rat model and the findings revealed a significant effect on cavernous regeneration and functional recovery. Cho et al. 12 reported that PRP could promote facial nerve regeneration in a facial nerve axotomy model. Giannessi et al. 13 commented that PRP could be a nerve guide to diminish scar reaction during axonal regeneration in a rat sciatic nerve model. Another study revealed that PRP could limit nerve damage 12 weeks post-injection in a rabbit model of 10% dextrose-induced MN injury (carpal tunnel model) 14 . Sanchez et al. 15 found that PRP hastened functional axon recovery in an ovine model. Zheng et al. 16 showed that PRP could stimulate Schwann cell proliferation, secretion of nerve growth factor, and neurotrophic factor in vitro. In contrast, Piskin et al. 38 reported that PRP does not enhance axonal regeneration of peripheral nerve repair in a rat model.
The clinical benefit of PRP in peripheral neuropathy is an interesting field of research. In 2014, Anjayani et al. 17 first reported a randomized, double-blind, control trial study to prove that a 1-mL PRP perineural injection could improve pain scores using a VAS, and the two-point discrimination test of peripheral neuropathy, in patients with Hansen's disease compared with a 1-mL PPP injection, 2 weeks after the injection of both types of plasma (n = 30 vs. n = 30, respectively). Subsequently, Sánchez et al. 18 described a patient with recalcitrant peroneal nerve palsy who showed partial recovery and obvious improvement in the electrophysiological study 21 months after the first PRP injection (7 sessions of PRP injection in total). Scala et al. 19 revealed that PRP has a positive effect on, and is protective against, facial nerve neurological deficits in patients undergoing superficial parotidectomy compared with a placebo group in a small randomized control trial (n = 10 vs. n = 10, respectively). In 2015, Malahias et al. 20 first used an ultrasound-guided injection of 1-2 mL of PRP in patients with mild CTS (n = 14, no control group) with positive mid-term outcomes (3 months). Recently, Uzun et al. 21 performed a non-randomized, single-blind trial to compare the effect of PRP with steroid injection in patients with minimal to mild CTS (n = 20 vs. n = 20) by using blind injection. Although they showed that the PRP group had a significant improvement of BCTQ (both symptom and function scores) 3 months post-treatment compared with steroid group, the difference was not significant at the 6 month follow-up. Moreover, there was no significant change between the two groups in the electrophysiological measurements.
Even though positive effects were shown in the above clinical studies, most of these studies enrolled small patient numbers and lacked long-term follow-up. The findings of our study validate the outcomes of the above-mentioned studies. Compared with study of Uzun et al. 21 , we recruited more severe CTS (80% moderate vs. minimal to mild CTS, respectively), larger sample size (n = 30 vs. n = 20, respectively), and more precise injection (ultrasound-guided vs. blind injection). Moreover, the effects of PRP in our study persisted for at least 6 months, which was more obvious and lasting than the results from Uzun et al. 21 . Our study showed the most positive clinical outcomes using PRP for patients with CTS to date. Furthermore, the tendency for improvement in VAS, BCTQ, and CSA compared with the baseline or control group of our study seemed more pronounced with a longer follow-up duration (Table 4 , Fig. 3 and 4) . Therefore, we believe the effect could continue for more than 6 months if the follow-up period is extended.
Although significant enhancement of FP, SNCV, and DML compared with pretreatment data was observed in both groups of the present study, the differences between the groups were not significant (Table 4) . Moreover, any obvious tendency towards an increased difference between SNCV and DML was not seen; for example, such as FP in the PRP group compared with the control group. Uzun et al. 21 revealed no significant improvement of SNCV and DML during the 6-month follow-up (except third-month SNCV) after PRP injection in patients with minimal to mild CTS in contrast with our findings. Most patients in our study diagnosed with moderate CTS may have had different results compared with those of Uzun's study. Moreover, different sample sizes and techniques of injection would also produce different results. Our results were compatible with Uzun's findings in that the improved symptoms between groups did not correlate with the improvement of electrophysiological measurements. The discordance between symptoms and electrophysiological improvement was expected because routine electrophysiological studies examine mainly large myelinated fibers rather than small sensory fibers which may be responsible for some symptoms of CTS 39 . Indeed, the electrodiagnostic measurement has a limited role in predicting the therapeutic outcome for CTS after surgery and conservative treatment in previous studies 23, [40] [41] [42] . The actual mechanism underlying the effects of PRP in neuropathy is unclear. PRP has been reported to contain a variety of growth factors, including platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β), insulin-like growth factor (IGF), epidermal growth factor, fibroblast growth factor (FGF), keratinocyte growth factor, hepatocyte growth factor (HGF), nerve growth factor (NGF) and vascular endothelial growth factor [43] [44] [45] . These growth factors have been suggested to play a positive role in the regeneration of injured peripheral nerves [45] [46] [47] [48] [49] . Chen et al. 46 suggested that FGF facilitates angiogenesis and acts as a neurotrophic agent during facial nerve regeneration in the pig model. Oya et al. 47 revealed that PDGF-β is a Schwann cell mitogen and survival factor in the nerve crush-injured rat. Increased PDGF-β level after nerve injury might aid peripheral nerve regeneration. TGF promoted neuron survival 48 and IGF particularly enhanced the growth of corticospinal motor neurons axons in vitro 49 . Moreover, HGF and NGF have also been shown to enhance axonal sprouting 45 . Hydrodissection via PRP injection could have contributed to the effect of PRP on CTS in our study. Decreased blood flow to the MN due to progressive compression of the MN is the major mechanism for CTS 50 . Perineural hydrodissection around the entrapped nerve would probably potentiate ischemic damage to a nerve by peeling the MN from surrounding tissues (flexor retinaculum and connective tissue-related compression and adhesion) 51 . Although the effect-duration of hydrodissection on the entrapped nerve is currently unknown 51 , we believe the true effect of one dose of hydrodissection may not significantly persist because the injectate would be absorbed rapidly. Indeed, in our clinical practice, the injectate seems to be clearly absorbed one hour later after injection when rechecked by the ultrasonography. More randomized double-blind trials are necessary to examine the effects of hydrodissection in the future.
Although the mechanism of PRP in CTS in the present study are uncertain and probably multifactorial, we could hypothesize possible causes based on the significantly reduced CSA of the MN and improved electrophysiological studies. First, the PRP could promote angiogenesis, neurogenesis, and regeneration via direct effects on the MN itself based on previous experimental studies [9] [10] [11] [12] [13] [14] [15] [16] . Second, PRP could reduce the inflammation and swelling of the flexor tenosynovitis 52 since we performed perineural injection without intraneural injection to prevent direct nerve trauma. Therefore, the PRP could diffusely encase the MN and surrounding soft tissues. The decreased swelling of the flexor tendon would result in reduction of intracarpal pressure exerted on the MN 23 . Finally, the hydrodissection could also contribute some benefits. A CTS animal model with histological studies is needed to explore and differentiate the above mechanism in the future.
There were some limitations in this study. First, the mechanism of PRP was not evaluated in this study. Second, the effect of hydrodissection and placebo from injection in our study cannot be completely excluded. However, a sham-controlled treatment or an active non-PRP injection in the control group was unfeasible and unacceptable in our country because of the invasive procedure of the PRP preparation and injection. Nonetheless, the lack of a sham-control or placebo effect can hardly explain the marked effect of PRP that lasted throughout the 6 months. Further prospective clinical trials are encouraged with sham-controlled treatment. Finally, more studies with multiple strategies are necessary to optimize the dosage regimen of PRP for optimal effects.
In conclusion, this study shows that ultrasound-guided PRP injection is safe and effective for treating CTS. The efficacy of PRP for CTS seems to be a potentially worthwhile area for further study in peripheral neuropathy.
